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SUMMARY AND CONCLUSIONS 



In September, 1979 and February, 1980, airborne studies were carried out in 
the INCO 381 m chimney, and Iron Ore Recovery Plant (lORP) Stack plumes to 
determine the size dlstributicm of the plume particulate constituents, and their 
emisison rates, using an instrumented helicopter. The following conclusions can be 
drawn from this work. 

• Particulates emitted from the INCO 381 m stack can be classified into coarse 
(greater than 2.5 urn) and fine (less than 2.5 um) size ranges. Fe, Cu, Ni, Al, 
Mg and Mn are predominantly in the coarse particles, while Pb, Zn, As, SO^, 
NH^ and Se are predominantly in the fine size range. On one day of atypical 
emissions (Feb. 5, 1980), when particulates were visually observed to be 
settling out near the stack, mass median diameters (MMD) of most species 
were found to be greater than on other days. 

• A relatively large variation of the particle emission rates for some trace 
metals was observed from the INCO 381 m stack. The major emittants are 
(expressed in kg/day for the Sept. 1979 and Feb. 1980 studies respectively): 
SO^ (25936/31935), Si (2711/-), Fe (67V70'f), Cu (62't/287), Pb (266/WO), Ni 
(120/270), As (103/153) and Zn (81/53). The accuracy of the emission rates 
should be typically within a factor of two. 

• In the case of the lORP stack emissions, particulate size seems to depend on 
the operating conditions in the Copper Cliff Nickel Refinery (CCNR). When 
only the lORP + CIL flues are emitting, the plume consitutents can be 
classified into coarse particles - Fe, Cu, Ni, Al and Cd and fine particles - 



SO^ and NH^^. In general, the metal particulates appear to be smaller when 
the Nickel Refinery is in operation with lORP + CIL whereas the reverse 
applies to SO^ and NH^. The size distribution of lORP emittants differs 
quite significantly from that of INCO 381 m chimney. MMD's of Fe, Cu, Ni, 
Al and Cd are lower in lORP compared to those of the 381 m chimney 
whereas those of Pb, Zn, Cd, As, SO^ and NH^ show the reverse pattern. 

The major emittants from lORP are (expressed in kg/day): SO. (9220), Fe 
(787), Ni (520), Cu (187) and Pb (39). The accuracy of the emission rates is 
not expected to be better than a factor of two. It is interesting to note that 
the lORP stack emissions of Fe and Ni could be comparable or higher than 
the corresponding values from the 381 m chimney. Emissions of SO^^ and SO- 
from the lORP stack occur predominantly during the Copper Cliff Nickel 
Refinery (CCNR) Blow phase and those of Cu and Ni during the CCNR 
Charge phase. It should be noted that, with the installation of the new 
electrostatic precipitator, the particulate emissions are considerably 
reduced. Emissions of Fe are quite uniform throughout the 3 different phases 
of the CCNR operation and the background lORP + CIL operation. 



;i*, INTRODUCTION 

In September, 1979 and February, 1980, the Special Studies Unit of the Air 
Resources Branch carried out two airborne particle sampling studies in the INCO 
381 m chimney and lORP stack plumes in the Sudbury area. In the first study, only 
the 381 m stack plume was sampled. In the second study, sampling was done both 
in the 381 m chimney and the Iron Ore Recovery Plant (lORP) stack plumes. 

The purpose of these studies was similar, in that they were both designed to 
measure the chemical composition of plume particulates as a function of size, and 
to determine (emission rat^S of various particulate constituents. Such data, 
especially from the lORP, were very limited. Apart from their obvious relevance 
to health effects, particle size data were needed in order to better evaluate 
deposition rates for the different pollutants emitted by these individual sources. 
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2. EXPERIMENTAL 

Both the airborne experimental equipment and chemical analytical procedure 
used are similar to those in previous airborne studies in the Sudbury Falconbridge 
stack plume (1). However, a brief description is also given here. 

The airborne sampling platform consisted of a Hughes 500 C helicopter 
instrumented with both an Andersen Cascade Impactor and a tt7 mm low volume 
filter sampling packs mounted on both the port and starboard sides of the aircraft. 
Sticky (coated with a solution of petroleum jelly in toluene) and non-sticky 
polyethylene substrates were used in the Andersen samplers on the 8 stages for the 
collection of trace metal and non-trace metal particulates respectively. These 
stages were followed by a Whatman ^0 backup filter to collect particles less than 
about OA um. Each of the k7 mm packs consisted of a Whatman itO pre-filter for 
particulate sampling followed by 3 pairs of Whatman '^l filters impregnated with 
potassium carbonate (K2CO2) -glycerol for SO2 sampling. 

Sampling was carried out by flying along the plume axis towards the chimney, 
starting at about 2-3 km downwind. An air speed was chosen such that isokinetic 
sampling could be maintained. 

After sampling, filters were stored in polyethylene bags and transferred to 
the Toronto laboratory for chemical analysis. Both aqueous and acid leachings 
were carried out at different stages as part of the extraction procedures for the 
analysis of SO^", NH^"^ and NO,", and trace metals. Due to low loadings of NO,~, 
NH^"^ and Al compared to the filter blank, very few data for these parameters 
were available for inclusion in this report. SOj filters were extracted with 0.05% 
H2O2 before chemical analysis in the form of 50^". Trace metals were 
determined by flameless atomic absorption spectroscopy and the other non-metal 



species by ion-exchange chromatography {SO^~ and NO3') and phenate hypochlorite 
(NH^^) methods. Due to the methods used in aliquoting extracts, trace metals 
results could potentially have a systematic error toward the low side of 10% and 
5% respectively for the September and February studies. 



% DATA PRESENTATION 

3.1 Flight Data 

In the September Study, three runs, each lasting about 1-1!^ hours, 
were carried out during the one day of sampling in the INCO 381 m chimney 
plume. In the February Study, due to the need for synchronizing the airborne 
measurement with the in-stack measurement of the 3S1 m stack, and because 
of the batch mode nature of the lORP-Nickel Refinery plant production, only 
two runs per day were carried out. 

The sampling of the INCO 381 m chimney plume was relatively 
straight-forward. However, the lORP stack emissions consist of flue gases 
from three sources, i.e. lORP plant, CIL acid plant and the Nickel Refinery 
plant. The former two plants normally operate continuously but the Nickel 
Refinery operates through a 3-stage cycle, namely charge, blow and 
reduction. On the average, these stages last for approximately 2 hours, IK: 
hour, and 2 hours respectively (as indicated by INCO Ltd). The long-term 
emission rate from lORP can be estimated using experimental data for the 
above individual process stages. 

Data on plume volumes sampled during these runs are summarized in 
the Appendix as Tables Al and A2 for the INCO 381 m chimney and lORP 
stack plumes respectively. 

On September 10, 1979 and February 6, 1980, background air was 
sampled well clear of the plumes with the same instrumentation package. It 
was found that the background contributions of the various parameters of 
interest were negligible and therefore no background correction was 
necessary in the loading calculations presented in this report, 

3.2 Emission Data 

During the sampling periods, an Abatement Officer from the North- 



eastern Region of MOE was present in the INCO plant to document 
operations. Based on SOj continuous monitor data (fdor 381 m chimney) and 
mass balance calculations {for lORP), SO- emission rates from the INCO 381 
m chimney and lORP stack during the sampling period were estimated, and 
these results are given for the two sources in Tables A3 and M of the 
Appendix. 

As will be seen later, these SO- emission data are used in the 
calculations of particulate emission rates. The accuracy of the final results 
depends strongly on the accuracy of these input data. 

3.3 Chemical Analysis Results 

All results are expressed in terms of either average plume 
concentrations or parameter-to-S02 concentration ratios. In the case of it? 
mm filter pack, only values corresponding to sample loadings equal to or 
greater than two times the filter blank values are included. However in the 
case of Andersen sizing data, because of the relatively low loadings on 
individual substrates, all data except those which were less than detection 
limits are included. The 1*7 mm and Andersen results are summarized in 
Tables A5 to A8 and A9 to AlO respectively in the Appendix. Because of 
their higher loading to blank ratios, only the k7 mm data were used for 
emission rate calculations. 



3 A Data Precision 

To ensure the quality of the data used in this report, it is desirable to 
examine the precision of the measurements. 

In the case of ^7 mm filter pack sampling, measurements from the 
Port and Starboard samplers were compared. In general, the agreement was 
within + 30% which is considered to be fully satisfactory. 
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Contrary to the previous studies in the Falconbridge stack plume (1), 
in the current study more material per unit volume sampled was generally 
collected in the Andersen impactors than the ^7 mm filter packs, the 
difference often being in excess of 50%. The discrepancy seems to be worst 
for Pb, Cd, Fe and Zn. The reason for this occurrence is not clear especially 
since the comparison for SO^k was excellent. 



% RESULTS AND DISCUSSION 

kA Particle Sizing Experiment 

fi.lA INCO 381 M Chimney Results 

Because of the particle bounce problem referred to in an 
earlier report (1), most trace metals were determined on sticky 
substrate samples. Non-sticky substrates were used to analyze for 
SOfT, NHi^ NO3", As and Se. Particle bounce is not as much of a 
problem with the latter group of parameters as they exist in the fine 
particle size range. 

The mass median diameters <MMD) of the various species are 
given in Table 1. Data collected in September, 1979 and February, 
1980 are, in general, quite consistent except in the cases of Fe, Al, 
S0(." and NH^^"^. In these cases, the MMD appeared to be larger in the 
February study but due to the limited sample size, it is difficult to 
attach any significance to this change. There seems to be 
considerable variability from one sample to another in the MMD of Cu, 
Al, Cr and Cd. The data can be broadly categorized into two classes: 
Fe, Cu, Ni, Al, Mg and Mn belong to the coarse particle range with 
MMD larger than 2.5 um; and Pb, Zn, Cr, Cd, As, SO^, NH^, and Se 
belong to the fine particle size range, with MMD less than 2.5 um. 

The cumulative size plots are shown in Figures 1 to i^. 
Generally, the distributions do not follow a log-normal pattern, but 
tend to be bimodal, as shown in the differential plots on Figures 15 to 
29. The modal diameters are summarized in Table 2. Aside from the 
modes below 5 um, there is some indication that a mode larger than 9 
um exists for some of the heavy metals. It should be noted that on 
February 5, 1980, particle fall out was observed near the stack. The 
MMD's so determined (except for particles with MMD greater than 9 
um) are larger for this date compared to other runs and should be 
considered as atypical. 



tA.2 INCO lORP Results 

The corresponding results obtained from the lORP plume are 
summarized in Tables 3 to * and Figures 30 to 55. 

The 3 sets of Andersen samples represent sizing information 
on the different stages of the Nickel Refinery operation. As 
mentioned in Section 3.1, the lORP stack plume consists of flue gases 
from the lORP plant, CIL acid plants and the Nickel Refinery plant. 
Both the lORP plant and CIL plants operate on a continuous basis 
contributing to the background flue. The Nickel Refinery plant 
operates on a batch mode, each cycle consisting of the blow, reduction 
and charge stages. The 3 Andersen samples correspond to (i) Feb. 1, 
1980 -ReducticMi stage of the Nickel Refinery plant in addition to the 
regular lORP/CIL background operations; (ii) Feb. 2/3, 1980 - A 
prorated complete cycle of the Nickel Refinery, lORP and CIL 
operations; and, (iii) Feb. 8, 1980 -Nickel Refinery not operating, only 
background flues from lORP and CIL plants. 

As seen in Table 3, the nature of the emitted particles is 
rather different when Nickel Refinery emissions are present, 
especially in the cases of Cu, Al, Cd, SO. ~ and NH^^. It appears that 
metals emitted from the lORP + CIL are generally larger than those 
from the lORP + CIL <Sc the Nickel Refinery. This is consistent with 
the fact that the CCNR flue passes through electrostatic precipitator 
but the lORP main balloon flue has only hoppers and CIL does not 
contribute to particulates. However, SO^~ and NH. "^ from lORP + CIL 
appear to be smaller. When the Nickel Refinery is emitting, the size 
distributions of most elements appear to be roughly equivalent 
regardless of the phase of plant operations and this is probably related 
to the capture efficiency of the electrostatic precipitator. Only Ni 
appears to be an exception to this. 
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4.1.3 Comparison of 381 M Chimney and lORP Data 

There are definite differences in the size ranges of the 
emitted particles from the two sources. The distinction between the 
composition of the coarse and fine particles in the 381 m chimney 
source is quite obvious but the particles in different size ranges 
emitted from the lORP stack are much more similar in chemical 
composition. Of particular interest is the SO^" MMD's at the two 
sources, which suggest that the SO^." emitted from the lORP stack 
should have a higher deposition velocity than that from the 381 m 
stack, and this, together with the fact that the lORP stack is shorter, 
has signficant implications on the relative contribution to the 
deposition of acidifying materials from the two sources. 



ft.lA. Comparison of Airborne and In-Stack Data 

During the February, 1980 airborne study, in-stack particle 
sizing experiments were also carried out in the 381 m stack by the Air 
Resources Branch's Source Assessment Unit (see reference k). Even 
though the sampling periods did not coincide, a comparison of these 
data was attempted. 

Particle sizing results for some selected parameters are 
summarized in Table 5. The results for the coarse particles, i.e. Fe, 
Ni, and Cu, are ccwisistent for the plume and in-stack samples. There 
is some indication that the volatile metal bearing particulates (i.e. Pb 
and Zn) grow slightly or remain fairly constant in size upon release 
from the stack. However, in the case of SO^,, a reverse pattern is 
suggested. This observation, which was also made in the case of 
Falconbridge Studies(l), can be attributed to the fact that the in-stack 
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sampling train collects preferentially non-volatile metal sulfates but 
not all the sulfuric acid which exists mainly as SO^ vapor due to the 
high sampling temperature. This could, in part, explain the larger 
MMD of the sample. Under airborne sampling conditions at ambient 
temperature, sulfuric acid will be in the form of an aeroisol in the fine 
particle size range, and will be collected without loss on the substrate, 
le:ading to the observed lower mass median diameters for sulfate. 

1t.2 Pollutant Emission Rate Estimates 
*.2.1 INCO 381 M Chimney 

In Tables A5 and A6, it7 mm filter pack sampling results are 
summarized in the form of plume concentration, and particuiate-to- 
SO_ ratios. It is noted that the particulate-to-SO- ratios are in good 
agreement with those reported previously (2). Using the "Ratio 
Method" (3), emission rates of these species can be obtained by 
multiplying the ratio of particulate-to-SO^ with SO^ emission rates 
and the results are given in Table 6. Two methods described elsewhere 
(1) are used for calculating the long term emission rates which are 
given in Table 7 - the first one corresponds to the average of the 
individual emission rates during individual runs, while the second one 
employs the average M/SO- , ratio and average SOj emission rate 
obtained from continuous monitor for the overall period of the 
calculations. The two formulae are given below: 



^.[(iBP-cso^Eji 



Method 1: '-iL ^Us' ^ ^ t.M.j j (j) 



r 



~' 



and 



Method 2: 
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where n 
i 
ER 



the number of runs 
individual run number 
emission rate 



In general, the agreement between the two methods was quite good. It 
is felt that the accuracy of the emission rates should be typically 
within a factor of two. 



Since the emissions from the February 5 run were atypical, 
only data from other sampling dates were combined to obtain average 
long term emission rates. Calculations of emission rates based on the 
February 5 data were also made and they can be considered as first 
lower estimate of emission rates for days with particle fail-out. It is 
noted that emissions of Fe, Cu, Ni and Se were much higher for this 
date. 

Emission rates based on the 2 methods are summarized in 
Table 7. The major emittants are SO^, Si, Fe, Cu, Ni, Pb and As. It is 
seen that run-to-run variation is not so large but variation between 
studies (September and February) can be considerable for some metals 
(Se, Mn, Cd). Again, it must be remembered that the September 
results are based on only one sampling day. 
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Tables 8 and 9 summarize the linear correlation coefficients 
of particulate-to-SO- ratios as observed on the t*7 mm filters, and also 
average plume concentrations. In both cases, the cross correlation of 
the data with the continuous monitor SOj emission rate is also 
examined. The former tal<es into account the SO_ production and the 
latter shows the absolute relationship among the various parameters. 
Only correlation coefficients which are significant at the 99% 
confidence level are printed. 

The correlation between the particulate-to-SO„ data is in 
general not statistically significant. The correlation between the 
concentration data should indicate whether the various parameters are 
emitted in the same fashion, i.e. whether the inter-elemental emission 
ratios remain constant. The heavy metals Fe, Cu and Ni correlate 
quite highly. This is not surprising in view of the smelter operation. 
The high correlation between SO^ and the trace metals suggests that 
these parameters may be chemically associated. The high correlation 
between As, Se, Cd and the trace metals may reflect the high 
correlation between SOj^ and these metals and the fact that both As, 
Se, Cd eind SO^ are in the small size range. The latter argument also 
applies to the high correlation between SOy ^nct Pb, Zn, Cd, As and 
SO^. It should be noted that there is no significant correlation 
between the SO^ emission rates and the measured loading of the 
various emittants. 
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t^.2,2 lORP Stack 

As previously stated, emissions from the lORP stack have 
three sources, namely, the lORP, the CIL acid plants, and the Copper 
Cliff Nickel Refinery (CCNR). Under normal operating conditions, the 
lORP plus CIL plants maintain a relatively constant emission rate. 
The CCNR however has variable emissions which depend on the 
operating phase of the two converters which exhaust to the stack and 
the consistency of the matte feed to the converters. Each converter 
follows a three phase process for each load of feed matte. The 
duration of these phases and their respective relative SO_ and 
particulate emission rates (as estimated by INCO) are summeirized 
below: 



Phase 


Relative SO2 


Relative Particulate 


Average Time 




Emission Rate 


Emission Rate 


of Phase (hours) 


Charge 


5- 10% 


40% 


2 


Blow 


60 - 70% 


30% 


1.5 


Reduction 


10 - 30% 


30% 


2 



Each converter can operate independently of the other with the 
exception that both cannot be in the blow phase simultaneously. 

An attempt was made during the field study to control the 
mode of operation of the nickel converters; however it was not 
possible to control to the extent where emissions during each 
individual phase could be sampled. This meant that many of the 
airborne samples collected during the study contained combinations of 
phases and combinations of converters. A summary of the sampling 
conditions is given in Table A4. 
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The operating conditions (specified in Table M) and the metal 
emission rates for each sampling flight (given in Table 10 as 
determined by the Ratio Method) were combined to produce estimates 
of the emission rates of metals for each individual process. The 
calculations, which assume that the overall process emission rate is a 
linear function of the individual contributing sources, are described in 
Appendix 1. 

* In brief, a system of 5 linear equations with k unknowns (i.e. 
emission rates) was set up. Four of the equations were used to 
calculate tf^ emission rates s^nd the fifth was used to check these 
calculations against a measured value. 

The resulting emission rates estimated for the individual 
processes are summarized in Table 1 1. 

A number of comments can be made based on Table 11. Care 
should be taken to consider these comments in light of the fact that 
the lORP & CIL processes are roughly continuous while the CCNR 
process emissions are intermittent. 

a) The emissions from the lORP and CIL complex are dominated 
by SO[^~ (3.58 kg/min) and Fe (0.3^ kg/min). The emissions of 
Cu and Ni are an order of magnitude less than those of Fe and 
those of As and Pb are two orders of magnitude less. 

b) The three CCNR processes produce emissions of different 
composition. For example, the largest SO^~ and SO- emission 
rates occurred during the BLOW phase while the largest Cu 
and Ni emission rates occurred during the CHARGE phase. 

c) With the exception of Fe, the REDUCTION phase produced 
significantly smaller emissions of all parameters than the 
other phases 
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d) The emission rate of Ni during the CHARGE phase is 
significantly larger than the emission rate of any other metal 
during any other phase. 

e) Emissions from the lORP & CIL complex are generally smaller 
than or comparable to the emissions from the CCNR CHARGE 
& BLOW phases (see numbers in brackets in Table 1 1). 

The accuracy of the estimated emission rates given in Table 
1 1 is very difficult to establish. The check on the data suggests that 
the estimates should in general be accurate within a factor of two. 
Note that this applies only to errors resulting from the eissumptions 
involved in the calculations. In addition, there is an uncertainty in the 
results due to possible sampling errors and process variability with 
time. Thus, the factor-of-two estimate is probably a lower limit. 

The estimates of emission rates for each of the individual 
sources contributing to the total emission from the lORP stack make 
it possible to estimate a long term average daily emission rate based 
on daily average operating conditions. The following assumptions were 
made for these calculations: 

a) lORP + CIL emissions are constant for an average 2<t hour day. 

b) The CCNR operates 3 complete cycles (or heats) per average 
day. 

c) The CHARGE, BLOW and REDUCTION phases last 2, 1.5 and 2 
hours respectively during an average day. 

d) The average emission rates for each process are equivalent to 
those in Table II. 

e) The average feedrate to the lORP, CIL and CCNR processes 
obtained during the airborne study represents the daily 
average feedrate. 
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The long term average daily (lORP + CIL), CCNR and total 
emission rates for the various chemical parameters are given in Table 
12. The estimates indicate that emissions are dominated by SO. " 
followed by Fe, Ni, Cu, Pb and As. Both the (lORP + CIL) and CCNR 
produce roughly equivalent emissions of SO~ and Fe while the CCNR 
emits significantly greater amounts of Cu, Ni and As and only slightly 
greater amounts of Pb. 

By assuming that the average SO- emission rate during the 
field study is representative of the long-term average, it was possible 
to calculate the average 50^~/S02 ratio for the total lORP stack 
emissions. For an estimated average SO- emission rate of 1.90 x 10 
kg/day, the average SO. '/SO- ratio is ^.9%. However, the individual 
processes have very different ratios, namely, 3.7% for the lORP + CIL, 
50.0% for CCNR CHARGE phase, 6.9% for the CCNR BLOW phase 
and 3.2% for the CCNR REDUCTION phase. The unusually large value 
for the CHARGE phase is due to the low SO- emission rate during this 
phase. 

it,2.3 Airborne vs. In-Stack Measurements 

During the February Study, attempts were made to obtain 
simultaneous airborne and in-stack measurements of the 381 m 
chimney emission rates. The in-stack measurements were joint efforts 
by MOE and IN CO and are described elsewhere (4). Both multi-point 
and single-point measurements were made. Due to technical problems 
encountered by the in-stack team, only limited data are available for 
comparison. Table 13 summarizes the multi-point data obtained by 
the MOE team together with the airborne data. 
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It is seen that the comparison between the airborne and in- 
stack measurements is rather poor. Except in the cases of As and 
SO., the airborne samples indicate significantly lower emission rates 
than the in-stack ones. Emissions on Feb. 5 were atypical. There was 
evidence of in-stack stratification and large particle fallout during in- 
stack sampling. This could explain the lower emission rates of 
elements found in coarse particles as calculated from the airborne 
measurements (since part of the particulate sample was not collected, 
but had fallen out from the plume). The reason for Feb. 7 
discrepancies is unknown. However, it should be borne in mind that 
there is some uncertainty about the SO- emission rates that were used 
in estimating emissions from the airborne results. 
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Table 1; Mass Median Diameter (um) of Particulate 
in the INCO 381 m Chimney Plume by Andersen SamplinR 



PARAMETER 


Sept. 
1979 


Fe 


5.2 


Cu 


m$ 


Ni 


^f 


Pb 


1.0 


Zn 


1.1 


Al 


JU2 


Cr 


*^ 


Cd 


la 


Mg 


- 


As 


:•»: 


SO, 


O.'^S 


NH, 


0.53 


Se 


fr- 



MASS MEDIAN DIAMETER (um) 
3an. 31 Feb. ^ Feb. 5* Feb. 7 

1980 1980 1980 1980 



>9 >9 >9 >9 

>9 >9 >9 tiS 

>9 >9 >9 >9 

1.05 0.92 l*r 1»15 

1.1 0.96 6.6 a^l 

2.1 8.2 >9 M 

3.8 1.0 - ^ 

1.5 1.9 W 1* 



8.0 >9 >9 

0.98 0.92 0.96 tM 

0.98 0.93 id o.n 

1.6 2.0 l,t i;6 

^ ^, 1.25 I,« 
Mn W 

* Emissions on this date were atypical. Particulate fallout near the stack was observed. 
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Table 2; Summary of Modal Diameter (um) from Airborne Sampling 
in the INCO 381 m Chimney Plume "^ 





Sept. 8, 1979 


3an. 31, 1980 


Feb. 4, 1980 


Feb. 5, 1980** 


Feb. 7, 19; 


f^ 


*, 3.3 


1.1, 3.3 


1.1, 3.3 


3.3 


(1.1),3.3 


m 


*, 3.3 


OJ, 3.3 


0.7, 3.3 


(0,4), 1.1 


(0.7), 2.1 


m 


*,3.3 


3.3 


(0.7),3.3 


2.1 


3.3 


m 


*, 3.3 


0.7, 3.3 


0.4, 1.1, 3.3 


0.7 


0.7, (2.1) 


m 


*, 2.1,- 


0.7, 3.3 


!mt 


(0.4), 1.1 


0.7, 2.1 


m 


*, 2.3, 1^.2 


1.1 


?^: 


-.. 


■s* 


&t 


^ 


0.7, k J 


m' 


— 


- ^ 


cs 


*, 2.0, H.9 


O.i*, 1.1, 3.3 


0.4, 1.1,4.7 


0.7, 2.1 


0.7, 3.3 


m 


*, 3.5 


- 


- 


•# 


i 


Se 


^i 


■» 


■■—!■ 


0.4, 1.1 


2.;i 


As 


■f* 


■m 


0.7, 3.3 


0.7 


0.7 


Mg 


- 


O.'t, (3.3) 


0.7, 3.3 


3.3 


4.7 


SO, 


O.f , if. 5 


0.4, (4.7) 


0.7, 4.7 


0.7, 1^.7 


l«r 


NH^ 


(0.7), it.5 


0.7, (2.1), 4.0 


0.7,4.7 


O.t*, 2.1, 4.7 


0.7,4.7 



There is evidence of a mode larger than 9 um for some heavy metals, but diameter 
cannot be defined due to sampler cut-off limits. 

Incomplete results due to loss of partial Andersen sample in the course 
of chemical analysis. 

Emissions on this date were atypical. Particulate fallout near the stack was 
observed. 
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Table 3: Mass Median Diameter (uin) of Particulate in the INCO lORP Stack Plume 

by Andersen Sampling 



MASS MEDIAN DIAMETER (urn) 



PARAMETER 


Feb. 1, 1980 
CIL + lORP 
t Reduction 


Feb. 2/3, 1980 
CIL + iORP + Blow + 
Reduction + Charge 


Pe 


6.2 


7.6 


€w 


2.95 


2.6 


Nf 


5.6 


2.5 


m 


3.35 


3.1 


m 


3.2 


■'^ 


m 


0.68 


•r 


&■ 


3.0 


:- 


C30. 


'■^^ 


2.2 


m 


0.62 


0.55 


«i 


2.3 


3.6 


m. 


- 


2A 


i% 


3.2 


2.45 


NH,. 


2.0 


1.6 



Feb. 8, 1980 
CIL + IORP 

only 



8.0 
5.9 
5.3 



&A 



6.2 



0.50 
0.86 
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Table »; Summary of Modal Diameter (urn) from Airborne 
Sampling in the INCO lORP Stack Plume, 1980 ^ 



Feb. 1 


OA, 


H.7 


O.f, 


3.3 


0.7, 


3.3 


0.7, 


3.3 


0.7, 


4.7 


0.6, 


4.7 


0.7, 


4.7 


0.*, 2.1, 4.7 


OA, 


2.1 



Feb. 2/3 


Feb. 8 


(2.1), 3.3 


- 


2.1 


(1.1), 3.3 


2.1 


3.3 


0.7, 2.1 


:- 



Cu 
Ml 

m 



Co - 2.1 

Cd 0.4,2.1,4.7 0.4,1.1,3.3 0.4,2.1,4.7 

Mg 0.4, 2.1 0.4, 3.3 

SO^ 2.1,4.7 0.7,3.3 

NH 0.7, 2.1, 4.7 0.7, 4.7 0.7, 4.7 



+ 



There is evidence of a mode larger than 9 urn for some of the heavy 
metals, but diameter cannot be defined due to sampler cutoff limits. 
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Table 5: Comparison of Mass Median Diameter (um) of Particulates 

Determined by In-Stack and Airborne Measurements 

at the INCO 381 m Chimney in 1980 



Parameter 



Fe 



Ni 



Cu 



Pb 



Zn 



SO, 



In-Stack: 














Jan. 30, 1980 


>13 


>13 


>13 


.M 


3.6 


f.O 


Feb. 1, 1980 


>13 


>i3 


8.7 


2.7 


.92 


1.9 


Feb. 2, 1980 


>13 


>13 


>13 


6.2* 


8.0* 


3.7 



Airborne: 














Jan. 31, 1980 


>9 


>9 


>9 


1.05 


1.1 


0.98 


Feb. if, 1980 


>9 


>9 


>9 


0.92 


0.96 


0.93 


Feb. 5, 1980"^ 


>9 


>9 


>9 


1.7 


6.6 


1.1 


Feb. 7, 1980 


>9 


>9 


2.8 


1.15 


2.1 


0.9* 



Results look suspiciously high. 



Particle sizes probably atypical due to particle stratification and 
fall out. 



T able 6: Su mmafy qI Calculated I N CO 3gl m Chimrigy Emisiion 
Ratei Using HT mm Filtgr Packs (kR/day) ' 







I'ORT/ 












nATt 


HUNff 


5TAH- 
FVOARD 


Ft- 


Cu 


Ni 


Pb 


Zn 


^cpt. S 


j 


P 


. 


181.7 


''ft.tt 


385.0 


96.3 


n79 


2 


l> 


iH2.7 


(107.5 


123.9 


2IJ.0 


70.8 




) 


P 


1027. f. 


1133.7 


\f.(,.r) 


195.0 


lll.l 




t 


S 


f,Ti.f, 


!P37.7 


9ft. 2 


315.8 


48.2 




■2 


s 


457.! 


330.* 


un.o 


21X.1 


73.3 




* 


5 












Inii, 11 


1 


P 


117.0 


J")"?.! 


252.S 


3RS.7 


59.2 


I'Wn 


3 


P 


^(■.\.i 


35n.(, 


3<)'i.7 


519.2 


75.1 




1 


»: 


ftZ^.-i 


295.S 


227.0 


395,6 


73.1 




2 


•; 


12(57.1 


173.1; 


tilVS 


<i56.0 


55.6 


Feb. 1 


1 


p 


7S<).^ 


36!. 6 


*'*(..(■■, 


787.8 


68.f 


I9gn 


2 


p 


f;fci.2 


21'i.} 


223.1 


332.9 


21.1 




1 


s 


S20.1 


297.2 


327,1 


785.5 


67.0 




2 


s 


^28.1 


223.1 


219,7 


312.4 


21.6 


rcb. 7 


1 


p 


'(59.0 


332.6 


200.3 


3S5.I 


61.7 


1980 


J 


p 


JOft.l 


312.S 


205.0 


155.1 


*lO.! 




1 


s 


HH.2 


305.3 


159.5 


159.8 


61,7 




i 


■i 


tftVO 


2SI.1 


171.2 


255.8 


il.7 


rrb. "i 


1 


p 


152D.8 


<|SI.2 


72S.3 


17I.Z 


31,9 


I') SO 


2 


p 


!n?.<i 


293.1 


326.1 


531.6 


((2.S 




1 


5 


158*.! 


'*15.» 


(;S5.X 


3IJ.5 


IIJ 




t 


S 













PARAMETER 
Cr Cd Mn Co 



S66.7* 
17.! 17.8 



27,8 
2*. I 
9.2 



16,2 
37,8 
18.4 



Sc 


As 


Mg 


'''^- 


2(1. i 


72.3 


. 


31292 


8.9 


SS.6 


- 


20I2« 


22.3 


111.1 




28766 


22.3 


l<i<i.3 




30062 


J 4.7 


iOp.8 


- 


20'! 59 


31.7 


18(f.n 




26^12.3 


90.0 


27((.0 


. 


29'.97.6 


1S.6 


153.) 


. 


26116.1 


59.2 


203.! 


- 


21716.1 


6.0 


1 10.6 


D7.9 


J1631.5 


9.3 


U.2 


- 


?7n6.7 


6.9 


106,0 


J5.2 


3M27.9 


10.0 


58.1 


- 


22J!25.9 


77.6 


l'.7.« 




1?257.9 


108.0 


169.1 


- 


11127.7 


68.3 


202.3 


- 


16285.5 


91.9 


109.9 


73.1 


25786.6 


139.0 


llt.g 


9 3.0 


J2?76.1 


132. Q 


10*. 7 


3* .61 


33233.1 


179.0 


133.9 


S2.0 


11025.7 



27ir 



32.5 -■ - 59.2 203.! - 21716.1 ^, 

2*. 9 - 10.6 

7.5 23.9 

21.9 
18.7 

17,7 
25.5 
I!.* 
|ft.9 

1.8 20.0 5.1 21.5 

21.6 
20.3 3.7 18.2 



Only s.i'nplri wiih InadiriR^ rqiiiil In rr Lirgrr thnn 2x fdtrr blank w(-re inrluHpfl in rairiifation^. ■ Not trtPd in Table 7 r.iloilaiion^. 
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Table 7: tlilitndied Av erage llrni wion Ra lfii of t'arl n^-uldlei 
From Itif INCO 381 m CMmiKyTkuJOi yT^ 





Nuilltx-T 


Ke 


Cu 


Ni 


l^b 


Zn 


Cr 


I'AUAMLILH ( 
Cd Mn 


Co 


Vrtil. !■*« 


N 


4 


» 


5 


J 


i 


- 


1 


1 


- 


VKldod 1 


Ave. 
b.l). 


2nj 




Ills.) 

as."* 






- 


lli.73 


17.8 


- 


Mi-d.cid i 


. 


b?<..j 


621..I 


liy.6 


2fcS,!5 


ISD.6 


- 


2U.2I 


17.2 


- 



be Ai Wg SO^ 



l-ci). ■), I'^Sy 



MellHtd 2 



12 12 12 12 1 12 - I 



1 



4 



iS.i lUJ.* ' itlifl 2711 

b.> 2^o - HI J I 

HJ.fa 102.6 - 2yjif, JJ77 



Mti:;;iV"*'' Av.. 7C..) 30..5 270.1 m.> ».l 7.> 22.8 - .0.6 «.J m.6 ».. J1.3Y 

M,thod2 • 711.2 287.* 26S.11 *J».» )i.2 ».> 22-"* - ^-C "'I '""^ "*•' '^'*^-'^ 



'"'-■ Sv '.';,'; 's,' iK:i ;:::; ■;;,' " ".' r.; '" ";" - >"• "- 

H0(i.7fc ..26.1 623.1 W1.2 35.1! >.• 21.0 i.2 22.6 05.7 U-..! 7J.6 33(,J7 



' AVI IM/Vl^J >. AVI Ivl^ll.H. 






Table 8; INCO 381 m Chimney Plume Studies (Sept. /79 and Feb. /80) Particulate-to-SO ^ Ratio Data 

Linear Correlation Coefficients - 

99% Confidence Level 
(Number of Observation Points) 

f« Cu Ni Pb Zn Cr Cd Mn Co Se As Mg SO^ SOj 



* 



Fe 


1.000 
19 






Cu 




1.000 
20 




Ni 


0.953 




1.000 




19 




20 


Pb 






0.593 
20 


Zn 




0.71^2 
20 




Cr 








Cd 


0.716 


0.602 


0.588 




19 


19 


19 


Mn 








Co 








Se 


0.807 




0.863 




19 




m 


As 








Mg 


0.926 


0.963 


0.939 




6 


6 


6 


SO, 


0.673 




0.678 


19 




20 


SO2 


-0.76 


-0.59 


-0.65 


19 


20 


20 



1.000 
20 



1.000 
20 



1.000 m 



2 



1.000 
19 

1.000 
3 

1.000 
3 
0.563 1.000 

20 20 



1.000 
20 

1.000 
6 
0.783 1.000 

20 20 

-0.61 -0.59 1.000 

20 20 20 



SO2 emission rate based on continuous monitor data. 
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Table 9; INCO 381 m Chimney Plume Studies (Sept. /79 and Feb. /SQ) Concentration Data 

Linear Correlation Coefficient 

99% Confidence Level 
(Number of Observation Points) 

Fe Cu Ni Pb Zn Cr Cd Mn Co 5e As Mg SO^ SO^ SO^* 



Fe 1.000 

20 
Cu 0.846 1.000 

20 21 

M 0.93tt. 0.847 1.000 

20 21 21 

Pb 0.590 0.606 1.000 

20 21 21 



0.718 1.000 
21 21 



1.000 
2 



Gd 0.765 0.673 0.753 0.826 1.000 

20 20 20 20 20 

Mn 1.000 

3 

Co 1.000 

'M 0.832 0.811 0.824 0.769 1.000 

20 21 21 20 21 

m 0.596 0.613 0.633 0.559 0.564 0.731 0.703 1.000 

20 21 21 21 21 20 21 21 

Mg 1.000 

7 

SO. 0.589 0.679 0.623 0.729 0.659 0.796 0.999 0.714 0.854 1.000 

20 21 21 21 21 20 4 21 21 21 

SOy 0.801 0.659 0.727 0.660 0.820 1.000 

^ 20 20 19 2Q 20 20 
SO-, 1.000 



m 
*«j- 



21 



SO^ emission rate based on contihubuS monitor data. 



Ij^f. IV., i I 



=,-•»?■ '^g-Z^F^F-;^' 



.IWII 



T-fMg 'fe V»i""jf]( ot CjIculjlL-d INtO JOHP^iick £ini».i«)ti Bjlc;. IJ»iik »7 inin t^iHei l'jt,K> (kn/day) 



POUT/ 
MATK HIINtf bTAK- 



*;u Ni Hb Zn i,r 



Cd M(i C:o te 



As bO, N-NH, 



2niiu 



VVii> 



■Mvm 



i/i/iO 



bfii.% 
10/ S.J 



>76.a 



7<il.«> 

itiM 









no.] 

126.0 



75.* 

il7.0 






rv.7 

12.9 



tl.O 

51.0 



l<i.O 



HO.) Hl2.i 5t.2 

<p<i7.1 lft'>J./ 57.1 

1/7.) ^'jt.* TiJ 

"lil.? I>l2.fj 5*.* 



Ml.* 

H.t. 



1.0 



).;> 



3.11 



D.I 



2X1 



27.0 



M.l 
57. 9 



a7.i 

6).2 



2«.4 



JI.2 



- 


3.6 


576*. 3 


' 


3.S 


5Wi.O 




3l.t 


IHItli.6 


J.57 


12.5 


207S3.S 




t7.^» 


ISSX'«.2 


I.* 


JO.S 


viio.i 


».2 


lil.l 


IVS/2.3 


d.O 


22.7 


VI 27.6 




J.V 


5711.2 


- 


J.1 


5523.6 



%».% 
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Table U; Summary of Estimated INCO lORP Stack Emission Rates for 
I " Individual Processes *"^ 

Parameter % Differen«^<^ Emission Rate (kg/min) 

I From Check lORP & CIL CCNR CCNR CCNR 

CHARGE BLOW REDUCTION 

SO^= -30% 3.6 2.9 9.9 1.0 

* (1.00) (0.80) (2.77) (0.27) 
I 

Fe +9596 0.3 0.2 0.3 0.3 

(1.00) (0.68) (1.00) (1,00) 
I 

Cu -109& 0.03 0.3 0.08 0.01 

(1.00) (11.00) (2.67) (0.33) 

Ni +49% 0.05 1.2 0.09 0.02 

I (1.00) iltM) (1.77) (0.31) 

As -45% 0.002 0.02 0.01 0.0006 

I (1.00) (8.22) iH,57) (0.26) 

Pb -18% 0.01 0.03 0.04 0.002 

I (1.00) (3.15) (3.41) (0.18) 

SO2 - 95.8 5.7 143.0 31.0 

* Numbers in brackets represent ratio of individual phase emission rate to emission rate 
from lORP ic CIL. 

The estimated emission rates apply for average feedrate conditions during the study. 
** See Appendix 1 for details. 
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Table 12: Estimated Average Emission Rates from INCO lORP Stack (kg/day) 



Emission Rate (kg/day) 
Parameter lORP + CIL CCNR TOTAL 



so^- 


5155.2 


^06^.4 


9219.6 


Fe 


*89.6 


297.0 


786.6 


Cu 


'^3.2 


144.0 


187.2 


Ni 


69.1 


450.6 


519.7 


As 


2.9 


10.0 


12.9 


Pb 


15.8 


22.9 


38.7 


SO, 


1.38 X 10^ 


5.18 X lo'^ 


1.90 X 10^ 



Table 13; Comparison of Airborne and In-Stack Measured Emission Rates (kg/day) 

of the INCO 381 m Chimney (1980) 



February 5* 
Airborne 

In-Stack 

Ratio (A/I) 



'!% 



1313.1 
+417.6* 

6091.2 
+'^215.5* 

0.22 



it03.3 
+98.1 

1097.3 
+782.0 

0.37 



Ni 



580.1 
+221.0 

2021.8 
+1612.9 

0.29 



Pb 



'*06.'* 
+llf.7 

600.5 
+213.8 

0.68 



Zn 



35.7 
+5.9 

105.0 
+3k.S 

0.3* 



Cr 



^^.8 



9if.6 
+25.1 

0.05 



Cd 



20.6 
+0.85 

62.2 
+22.0 

0.33 



Mn 



+.99 

22.0 
+ 14.1 

0.20 



Co 



19.9 
+2.3 

69.6 
+53.2 

0.29 



M 



127.8 
+20.7 

+23.8 
1.18 



Mg 



69.9 
+31.0 

239.8 
+K3.6 

0.29 



SO; 



32378.5 
+1185.1 

23155 
+'j765.3 



I 



February 7 
Airborne 

In-Stack 

Ratio (A/I) 



<>83.6 
+78.^^ 

1991.5 
+262.7 

0.2** 



308.0 
+21.3 

632.5 
+W.3 

0.'f9 



ISif.O 
+22.1 

555.6 

+83.1 

0.33 



339.0 
+57.0 

528.3 
+20.2 

0.6'f 



k9.0 
+15.2 

87.3 
+15.9 

0.56 



19.1 
+H.5 

30.02 
+.*3 

0.6<» 



157.3 
+38.7 

171.5 
+25.1 

0.92 



73.1 



78.62 
+0.99 

0.93 



<>0189 
+993't.8 

19'*83.2 
+2382.7 

2.06 



* Emissions atypical; particle falloff observed from the stack. 
One standard deviation. 
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Table Al; Flow Voiumes (litre) for Individual 
INCO 381 m Chimney Plume Flights 



Date 



Run ^ 



Andersen 
Sticky 



Andersen 
Non-Sticky 



*7 mm 
Port 



^7 mm 
Starboard 



Sept. 8/79 



i 
t 
3 



562 
876 
1172 



V5 
892 
1215 



230 

443 



261 
369 
5'f3 



TOTAL 



2610 



2682 



1058 



1173 



Jan. 


31/80 


1 


U98 


1566 


'm$ 


690 






2 


782 


818 


.a#t 


336 






TOTAL 


2280 


2384 


■Mi 


1026 


Feb. 


mso 


1 


1696 


1622 


704 


7k7 






2 


1561 


1496 


650 


731 






TOTAL 


3257 


3118 


1354 


1478 


Feb. 


5/80 


1 


1325 


1364 


m9 


564 






$ 


1247 


1303 


50g 


615 






TOTAL 


2572 


2667 


1105 


1179 


Feb. 


7/80 


I 


1506 


1483 


649 


638 






1 


1513 


1447 


584 


639 



TOTAL 



3019 



2930 



1233 



1277 
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Table A 2; Flow Volumes (litre) f9r Individual 
INCO lORP Plume Flights 



Date 



Run// 



Andersen 
Sticky 



Andersen 
Non-Sticky 



m mm 
Port 



V7 mm 
Starboard 



Feb. 1/80 


t: 


686 


666 


31* 


307 




TOTAL 


686 


666 


Jli 


307 


Feb. 2/80 


i 


*1* 


H20 


203** 


184** 




2 


800 


&11 


381** 
584 


348** 
532 


(Feb. 3/80) 


1 


blocked off 


blocked off 


239* 


228* 




2 


935 


964 


411 


393 



TOTAL 



2151 



2195 



395 



925 



Feb. 8/80 



TOTAL 



132 
132 



128 
128 



€1 



57 
57 



* not added to the total 

« * can be taken as one run (take the sum) 
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Table A3; Estimated SO ^ Emission Rates of INCQ 381 m Chimney 



Date 



Sept. 8/79 



Run // Time at Sampling 



Jan. 31/80 



Feb. i^/80 



Feb. 7/80 



Feb. 5/80 



1 

,:* 

1 

t. 

% 
2 

i 
i 

I 



0938- lOl^t hr 
1250 - 1358 hr 
1512- 1626 hr 

1155- 1306 hr 
lt^07 - Ikki^ hr 

1150- 1301 hr 
li*33- I5'f2hr 

09^9 - 1051 hr 
ll^fO- 12't5 hr 

1023- 1129 hr* 
1219- 1321 hr 



SO^ Emission 
'^Rate 
(MT/DAY) 


Time-Weighted 

Average SO^ 

Emission Rare 

(MT/DAY) 


1758 ~ 




1677 


1621^ 


1383 _ 




1720 ~~ 




1916 




230^ 
1716 


1955 


19^*5 




211^^ _ 




1089 ~ 
1568 _ 


12it2** 



* In-Stack SO- measurements were missing for part of this period. The estimated 
emission rate could be low by as much as 25%. 

** Particle fallout observed during the study period. Run 1 is weighted twice for 
port and starboard for use in Table 7 calculations. 

Runs I and 2 are weighted twice for port and starboard for use in Table 7 
calculations. 



Table M: Summary of INCO lORP Stack Emission Sources During Sampling 



OPERATING CONDITIONS 



Date 


Run 


Time of 
Sampling 


1 
lORP + CIL 




CCNR 




SO^ Emission 
Rafe(MT/Day) 




CHARGE 


BLOW 


REDUCTION 


1 Feb. /SO 


1 


ICtl to 1121 


Continuous 


- 


-"nf 


Converter 2 
1041 - 1121 


163.9* 


2 Feb. /80 


1 


093(f to 1000 

combined with 

1032 to 112* 


Continuous 
Continuous 


"mi 
* 


Converter 2 
0934 - 0945 
Converter 1 
1032-1110 


Converter 2 
1032- 1124 


285.1 


3 Feb. /80 


1 


0843 to 0918 


Continuous 


* 


Converter 2 
0845 - 0918 


.'^^1' 


351.1 




$ 


littt? to 1541 


Continuous 


Converter 2 
1447 - 1541 


'-'« 


^ 


173.2 


8 Feb. /SO 


1 


0806 to 0817 


Continuous 


■mf. 


■m 


., 


147.9 



^ 
-&I: 



* On February 1, 1980, some of the SOj emissions from lORP were directed at the lORP stack directly rather than through CIL 
as opposite to the other days. 



PORT/ 
DATE RUN# STAR- 
BOARD 



Fe 



Sept.S 1 


P 


- 


1979 ; 


P 


s.t» 


J 


P 


SJJ 


1 


s 


5.36 


2 


s 


£.7S 


3 


s* 




Jan. 31 1 


p 


I2.JJ 


mo i 


p 


11.22 


1 


s 


9.W 


3 


s 


20.00 


Feb.* 


p 


2<i.>6 


19S0 ; 


! P 


11.12 




S 


1S.W 


'. 


I S 


10.3« 


Feb.) 


P 


»JJ 


ino 


! P 


31, « 




S 


)2.U 




I s 


31.S7 


Feb.? 


I p 


ll.M 


19S0 


I p 


IJ.77 




L S 


10.66 




I s 


12.6S 



Cu 



».3i 
J.?7 

10 J* 
3.<i9 



*».ia 

4.64 
6.19 

S.67 
3.» 
6.1t 
3.67 

13.91 

11.07 
H.42 
ll.»3 

».37 
S.3I 
7.S» 
7.67 



Table A5i SiMnmary at (M/Vol) Ratiw in INCO 3«1 m Chmiffiney Plume 
Uiiim »7 mm P>cla * 7^ 



Ni 



0.S7 
1.S2 

1.33 
0.77 
1.63 



3.U 

4.61 
3.J3 
6.91 

10.41 
3.74 
7.54 
3.63 



24.04 
12.31 
22.70 
13.63 



iJii 
5.45 
4.0S 
4.66 



pb 



3.4« 
3.12 
1.5S 
2.61 
3.52 



5.9S 

6.07 
6.20 
7.36 



12.27 
20.16 
10.37 
1241 



10.31 
9.42 
9.23 
6.96 



Zn 



0.S7 
1.04 
0.90 
0.33 

1.0S 



0.91 
O.SS 

1.15 
0.92 



Cr 



PARAMETER <M) (ng/L) 
Cd Mn Co Se 



11.47 1.61 

5.57 0.33 

IS.I6 1.55 

5.16 0.36 



0.13 



(7.83) 
0.26 
0.23 
0.19 
0.14 



0.25 
0.44 
0J9 

0,54 

0.5S 

0.40 
0.57 

0.31 



0.26 



0J5 



1.56 

I. OS 
1.51 
0.U 



0.4) 
0.67 
0.47 
(Ml 



• Only jamples with loadings equal to or greater th»n 2k filter blank wer« included in calculation!, 

* Filter uMd entirely for Si analyiis by DC arc. 



*xt/. 



><.i 4- 



tl- !'^ 

K* IT 



1 tt 



i-ir 



111 






•1 



^L 



if 



0J2 
0.13 
O.IS 
0,19 
0.22 



0.49 
1.03 
0.29 
0.9t 

0.14 
0.16 
0.16 
0.16 



1.05 0.16 0.66 0.17 0.71 4.» 

1,60 - 041 - - »-9« 

1,08 - 0.67 0.13 0.60 5.92 

l.t) , 0J9 - 0,2» 4.94 



1.27 
2.16 
1.76 
2.3S 



-7t 



— ^ I o 



As 



D.65 
1.30 
0.90 
1.13 

1.49 



2.S3 

3.19 
2.41 
3.36 

2,61 
1.29 
2.46 

0,97 



4.79 
3,95 
4.42 
3.13 



3.74 
4.49 
3.19 
2.99 



Mg 



UA 



1.12 



041 



3,07 
1.30 
2,71 
1.66 



1.99 



z 1*1 / h 
/I '7 J 



i jT-i 



so. 

lug/1) 

0.2S 
0,30 
0.23 
0.24 
0,30 



0.41 
0.35 
0,41 
0,41 

0.79 
0.45 
0.72 
0.31 

1,09 

1.26 

1.03 

_0.»2 

1.19 
1.10 
1.19 
0.70 



ii 



(ug/b 

I5.»7 
24.62 
11.24 
14.01 
24.S0 
13.16 

26.41 
22.35 
26.95 
31.77 

54,01 
2S.72 
53,21 

2S.30 



35.96 
59.13 
36.03 
6.63^ 

49.03 
55.97 
49.96 
57.52 






CO 



■} 'f 






t'Ar(AMLn:H (M) 





I'OK r/ 


l<: 


i;it 


Ni 


HO 


Zu 


c;r 


<:(i 


I>'\IIl 


Hl'Mli ')TAU- 
















1 if'i 


iKJftKI) 


.lu-" 


xir/^ 


»io-^ 


Ki:.-" 


X10-' 


10-^ 


10-' 


1 tt J 

S.>.1. S 


i 1' 


_ 


j.;ii 


.iiig 


2.1V 


J.liS 


. 


I'jj" 




2 1' 


l.bH 


/.(.t 


.7H 


1.27 


1.22 


- 


lO.b 




1 1' 


7.Ui 


■J.I.I. 


I.2U 


1,11 


8.0J 


- 


20.1 




1 1 


).«3 


i.^y 


.>((? 


l.'JI 


2.7(1 


. 


13.7 




2 -1 


2;;i 


i.v? 


.b'lb 


l.')2 


1,37 


- 


>.W 




} »i 






- 


- 


- 


" 


- 


A^irr agu 




<tAh 


J. 35 


./ii 


1.61 


h.tJ 


.. 


i2.i; 


Mil, llfl. 




i.21 


.).2s 


.271 


O.H 


1.^7 


- 


6.12 


1-iiO 


















Jjfl.'^ jl 


1 l> 


ii71 


l./d 


l.li/ 


Lib 


3.11 


». 


SfciWs 




i 1' 


1.0/ 


I.X) 


i.UC 


Z.71 


3.'*2 


- 


iy./2 




1 1 


i.»i. 


\.r/ 


i.M 


2.30 


1.2i 




10.70 




/ -) 


(.. K, 


!.'/> 


2.17 


2.)8 


2.^0 


- 


l6.Vb 


(l-tj. \ 


1 l> 


li.i,ii 


I.(,U 


i.yj 


3.4Z 


l.-il 


_ 


lO.XI 




I r 


).a? 


1.2^ 


1.30 


l.^t 


1.23 


1.11 


I3.'*J 




1 1 


1,-K, 


1.24 


\.iii 


J.U 


2.V1 


- 


lO,7'* 




-' ^ 


l.Mi 


1. >U 


1.28 


\.i1 


1.26 




10. Si 


1 .1.. / 


1 1' 


/. «. 


l./t 


l.fj) 


\.n 


).!/ 


^ 


».0I! 




.' 1' 


2.S2 


{."•a 


0.V7 


i.tx 


l.'JJ 




12.04. 




1 b 


i.\i 


!.■>? 


0.1)2 


l.!i» 


J.I 7 


. 


>).11 




2 b 


i.iO 


1.)) 


O.iSI 


1.21 


1.50 


- 


7.0J 


,\^0i atjL- 




iJ-i 


1.^.7 


l.iti 


2.2S 


1.12 


1,31 


11.71 


biij. nev. 




1,2? 


'J.2 1 


0.116 


0.67 


I.Oi 


. 


».3»: 



.Mn 



10.6 



lO.t. 



Co 



KlO 



1 10" 



»I0" 



KlO" 



xK/ 



<<.6U 



1.37 


.111 


- 


1. 71! 


. 


i.2S 


.0i23 




1.20 


- 


1.61 


.SO 3 


- 


2. on 


. 


1.37 


.S2i 


- 


1.71 


.-- 


.S71 


.601 


- 


1.22 


- 


- 


- 


- 


- 


1.'76 


l.l> 


.633 


. 


1.60 


1.V6 


0.11 


.177 


- 


0.38 


- 


Lai 


1.07 




l.)6 




1.6il 


1.13 


_ 


1.15 




I.DH 


O.S'* 


- 


l.il 


- 


3.0V 


l.(j(. 


- 


1.2'J 


- 


0.2t 


0.1& 


2.08 


1.16 


. 


0.J1 


0,15 


- 


l.5!i 


- 


0.30 


0.16 


1.5* 


1.36 


- 


Q.ia 


0.31 




1.31 


- 


3,r,t 


0.76 


_ 


2,13 


_ 


).ll 


O.KO 


- 


i.-Ji. 


- 


3.il 


1,01 


- 


2.38 


- 


1.1* 


0.J2 


3.16 


1.22 


- 


2,16 


0.7K 


2.36 


1.61 


, 


1.811 


0.33 


O.'i'J 


0.11 


- 






Only >«»riipr^:» wLlti l6{iJiii|;;:> equal lo or Urger \.\\si\ 2% filler bl^tnk t.vm tnctad«^d mi cdkuldtions. 
Not in<:luiJi.cl in Cdlculcttioii'k, 



















ll&ii«47 


flPflf Flllfri 


Pari,i' 


















PAKAMI.TLH (\ll 








I'OH T/ 


l^e 


Cu 


Nl 


Pb 


Zii 


Cr 


td 


Mr, 


Co 


W 


Ai 


Mg 


^^ 


Si 


n-\it 


HUN* 


MAK- 
hOAriO 


„c-^ 


.10-" 


.1Q-* 


,10-* 


.io-» 


I0-* 


It.-* 


.10-^ 


X10-* 


M-' 


.10-* 


X10-* 


.10-^ 


.10-^ 


1 eU. f 


1 


P 


IJ.W7 


4.(12 


6.6-* 


3.*l 


2.9) 


(1.36 


1S.3S 


o.6'> 


IS.73 


12.77 


1.33 


8.5(1 


3.02 


_ 




2 


P 


i.)l 


1.117 


2. OX 


3.41 


2.?1 


. 


13.77 


. 


- 


g.42 


6.6S 


2.21 


2.12 


- 




1 


^ 


H.W 


n.oo 


6.30 


2.SS 


3.00 


- 


U.&) 


3.69 


16.73 


l&.O'i 


1.23 


7.53 


2.lli 


- 




2" 


b 


- 


- 


- 


- 


- 


- 


- 




- 


- 


- 


- 




- 


■^.^i-ra^e 






n./s 


t.'i] 


).02 . 


3.2 J 


2.Sli 


«.3b 


Ib.iJ 


"..l? 


1S.23 


12.H 


i.oa 


b,W 


2.66 


• 


MJ. Dcv. 






■i.\t, 


l.)7 


2.)6 


0.31 


0.1} 


- 


2.71. 


0.67 


2.12 


"t.Ol 


0.36 


3.K& 


o.uu 


- 



• biiiiiiions tj<i thij lUy were rnil rv)iteteiitdlive of typical eniistiutii. 

• • SO vjIo!? uiuibojl (<>0'*0 u^) 

' Only {.iiiiplL'^ Willi lojt1iin5» Lqujl i>i or lar^LT llkin 2x (ilier bidnk wtri.- iiicliideit ii> Lulciilalrun^, 






Jt^ ^ ■_ • "ittTjSefi'" •»==» fi. i ., s=. -i^. m ^ -'.fc- -.. .«-^^i^ 'ft -... t v*l*. 



Table A7i SumrMrv rf ( M/Vol) RjtlM In INCQ kjRP suck PLU ME 
Umou HJ mm FUtef PkE 



PORT/ 
DATE RUN# STAR- 
BOARD 



PARAMETER (M) <ng/l.> 



■^/p /y 



"• "=" Ni Pb 2n Cr « H„ Co S. A, N-NH, SO, SO, 



Fckl 

ino 



Feb. 2 
19S0 



Feb. 3 



mAtt 









21.00 
2t.2S 



U2.n 
»J2 



2.3* 
2.2Z 



IJ6 

a.a3 



3.6S 
13.32 
iJOi 
13.73 



10J3 
l.*2 



3.92 

*.to 



e.*7 



U.0* 



1.02 
0.«3 



3. JO 
X37 



0.73 



3.15 1.J9 

31.13 2.00 

3.92 2.2» 

53.69 2.09 



J.23 
2.11 

'■V 



6.72 

i)i 



l.«2 

0.34 



■7^ 



0.19 



0.17 
0.11 

0.«4 



OM 



■Bf 



OM 



'A 

, 19 



0.19 
OJO 



2.0* 
043 



0.30 

0J3 0.0*9 1.07 

0J6 0.J3 

0.9* 0.13 0.79 



0J2 
OJO 



3.37 



0.30 
0.30 


132 
S.29 


1.21 
1.37 


l«.2g 
IM* 


0.53 
0.32 
0.37 
0.32 


9.92 
6.01 
I0J)7 
6.03 


1.23 
1.23 


3ZJ1 
33J5 


^y' 


.J- '4/ 


^t 


""; 



t 



Table Alb Sumnary »l M/SO .. Rjlioi in ifie INCO )OHP Stjck 
lls inis It? mfh Filler' Packi 



HAHAMETEH (M) 



..ATL HUHi^T^U. '' '"' "' "* ^" ^' " "" '-•» *» ^^ ^, NNH, 

FWAHD .,0-* .10-* ,.0-» ,10-* X10-' IQ-' 10'* xlO"* ,10"* .lO"* xlO'* ^lO'^ .,«» 



IWCi 




















Feb, 1 


2 
2 




42.62 
65.62 


2,*ll 

2.67 


0.60 
5.31 


1.20 

0.79 


».i7 


- 


- 


Feb. 2 


1 


P 


«..23 

l>*.Sb 


4.i|2 


).5t 
3.J1I 


2.U 

1.79 


- 


- 


10.00 


Hcb. } 


1 
2 

1 

2 


1* 


21. IX 
1(1. /» 

Wj.2I 


).?J 
2X«» 

lb. OS 


i.l^ 
S6.211 

3.SII 
IIV.03 


1.60 
1.32 
2.27 
3.1)6 


- 


U3.li6 
».6S 


l6.tS 
IO.S'4 


Ktb. i 


1 

1 


p 




3.21 
2.SJ 


5.1!5 
4.22 


1.63 
0.63 


20J(7 


- 


J3.74 








1>,U 


S.ll 


2i.)0 


I.SS 
0.95 


1*.72 
8.70 


100,07 
bl.3£ 


12.98 
2.99 



0.22 3.52 

Z9-+7 - - 0.2* 3,6* 



1.11 



0.20 0.0* 7.29 



0.51 5.3B 

U7.6i li.SI 1.78 J.26 

2.61 0.>2 J.66 

1)4.12 2.)3 1.31 >,27 



I 



6.60 30.4 > ^ 



1 



Q4t ijet 



Ti.k? 106.89 \.Vt 0.66 ).0I tO.Oi 

13.06 1.22 0.55 1.32 



TABLE A9! Summary of Total (M/Vol) Ratios in INCO 381 m Chimrtey Plume Using Andersen Sampler 



DATE 

9/9/79 

1/31/80 

2/*/80 

2/5/80 



2/7/80 



I — 
Fe 



Cu 



PARAMETER (M) - ng/1 



Sticky Substrate 



Ni 



Pb 



Zn 



Al Cr Cd 



Mn 



12.8 7.*1 1.55 1.57 0.88 2.07 



2.22 0.08* 



32.08 5.22 6.73 13.50 1.81 't.85 0.63 1.9<^ 
*9.76 9.02 13.81 16.86 \.kt^ 2.52 0.10 O.^^; 



155.53 30.93 53.19 21.36 2.08 *.»* 



0.3* 



11.29 10.32 ^.56 1*.72 2.67 1.38 






-J .93 

2 in 



J' i i. 






1.70 

. 7-f 



^ 7/ 



^7 
■'7 



0.43 



cl-ti- 



Mg 



1.02 
1.45 






Non-Sticky Substrate 
Se As SO^(ug/l) N-NH^ 



0.55 1.46 4.17 






0.19 



0.86 



2.65 



1.98 0.32 5.71 
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FIGURE 28 

MODAL DISTRIBUTION OF SO4 
(INCO 381 in CHIMNEY) 
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FIGURE 29 
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FIGURE 33. 

SIZE DiSTRIBUTiOW OF Pb 
(INCO lORP) 
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I APPENDIX 1 

I 

Estimates of INCO lORP Stack Emission Rates 



I A system of 5 iinear equations was developed to equate the emission rates of 
the individual CCNR phases and CIL + lORP process with the total emission rates 
measured during Individual flights. The equations assumed that the emission rate 
for each process was linearly dependent on the length of sampling time and the 
amount of material feed to the process. Also, all process emissions were assumed to 
be additive. 

I 
The equations are: 

, (40)|o.89|l + (ftO)|o.92jR = M Feb. Ij (Al) 

I (78K0.99k + (52)|i.0s|r + (*9)|o.86|b = M Feb. 2j (A2) 

(35)|l.09ll +(33)|l.02^B = M Feb. 3^ (A3) 

(5*)il.09i-I +((►6)11.010 =MFeb. 32 (A*) 

(ll)|l.09|l =MFeb. 7^ (A5) 

I 
where I = lORP + CIL emission rate (kg/min) 
I R = CCNR REDUCTION emission rate (kg/min) 

' B = CCNR BLOW emission rate (kg/min) 

' C = CCNR CHARGE emission rate (kg/min) 

M Feb. 1 . = Mass (in kg) of chemical parameter emitted during sampling run 

(XI day indicated - estimated by using the Ratio Method (3). 
' ( ) = Total time in minutes that the particular process was emitting 

during the sampling period. 
I { f = (Feed rate for date indicated)/(Average feedrate for all dates). 
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To illustrate the method of forming the equations, consider the day of Feb. 2, 
1980 (i.e. Equation A2). The sampling period on this day was 78 minutes long. Only 
the lORP + CIL process operated continuously throughout the entire sampling period 
and the associated feedrate was 99% of the average feedrate for the 5-run field 
study. The concurrent CCNR REDUCTION phase was emitting for 52 of the 78 
minutes with a feedrate of 108% of the average REDUCTION feedrate. The CCNR 
BLOW phase lasted for only *9 of the 78 minutes and the feedrate was 86% of the 
average BLOW feedrate. It should be noted that actual lORP + CIL feedrate data 
were available from INCO but CCNR feedrates were not. Instead, CCNR SO2 
emission rates were provided by INCO so the feedrate ratios were assumed to be 
equal to the SO- emission rate ratios. 

Finally, the value of M_ . - was calculated by multiplying the M/SOj ratio 
(obtained during that day's airborne sampling) by the SOj mass emitted during the 
flight. 

It is apparent from the form of equations (Al) to (A5) that the following 
assumptiore are implicit; 

1. The final emission rates calculated from the equations are representative only 
for the average feedrate obtained during the study. For the lORP + CIL, this 
average feedrate was 138 MT/Day. For the CCNR, the average feedrates for 
the individual phases were not available so the calculated R (Reduction), B 
(Blow) and C (Charge) emission rates were assumed representative for average 
SO- emission rates of 31, 1*3 and ^,7 kg/min respectively. 

2. The effect of increasing or decreasing the feedrate over the 5-run average 
feedrate was equivalent to increasing or decreasing the time of emission by 
the same proportionate amount. 

The four unknowns in Equations (Al) to (A5), i.e. I, R, B and C can be solved 
using equations (Al), (A3), (A**) and (A5). The remaining equation (A2) can then be 
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used as a check on the goodness of the fit of the data by comparing the combined 
values of I, R and B against the measured emissions. Thus, the left hand side (LHS) 
of equation (A2) was compared to the right hand side (RHS) for each parameter of 
interest. The % difference equal to 100 (LHS - RHS)/RHS is shown in column 2 of 
Table ih 

Individual process emission rates could only be calculated for SO^~f Fe^ Cu, 
Ni, Pb and As since these are the only parameters with sufficient data to solve the 
five equations. The values of M^^^^ ^ to Mp^j^^ 7 used in the equations are shown as 
Table All in the Appendix. 

The calculated emission rates for I, R, B and C are presented in Table 11 of 
the text. It should be emphasized that each calculated emission rate corrresponds 
to only one measurement which is later checked against one other measurement 
(using equation A2). The good comparison between the LHS and RHS of equation 
(A2) suggests that the estimated emission rates are accurate within a factor of 2. 
However, since this is a test of several emission estimates and since the validity of 
the inherent assumptions is unlcnown, It is not possible to determine the absolute 
accuracy of the individual process emission rates. Notwithstanding, it does appear 
that the calculations provide a good first estimate of individual process emission 
rates which have never been measured properly using approved in-stack sampling 
methods. 
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